Bacterial cell surfaces are commonly decorated with a layer formed from multiple copies of adhesin proteins whose binding interactions initiate colonization and infection processes. In this study, we investigate the physical deformability of the UspA1 adhesin protein from Moraxella catarrhalis, a causative agent of middleear infections in humans. UspA1 binds a range of extracellular proteins including fibronectin, and the epithelial cellular receptor carcinoembryonic antigen-related cell adhesion molecule 1 (CEA-CAM1). Electron microscopy indicates that unliganded UspA1 is densely packed at, and extends about 800 Å from, the Moraxella surface. Using a modified atomic force microscope, we show that the adhesive properties and thickness of the UspA1 layer at the cell surface varies on addition of either fibronectin or CEACAM1. This in situ analysis is then correlated with the molecular structure of UspA1. To provide an overall model for UspA1, we have determined crystal structures for two N-terminal fragments which are then combined with a previous structure of the CEACAM1-binding site. We show that the UspA1-fibronectin complex is formed between UspA1 head region and the 13th type-III domain of fibronectin and, using X-ray scattering, that the complex involves an angular association between these two proteins. In combination with a previous study, which showed that the CEACAM1-UspA1 complex is distinctively bent in solution, we correlate these observations on isolated fragments of UspA1 with its in situ response on the cell surface. This study therefore provides a rare direct demonstration of protein conformational change at the cell surface.
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atomic force microscopy | bacterial adhesins | small-angle X-ray scattering | X-ray crystallography B acteria, and all other cells, primarily sense and respond to their environment via proteins extending from their surfaces. For pathogenic bacteria, such interactions form the initial events in infection processes. Whereas there have been extensive studies of the binding activities of cell surface proteins, remarkably little is known of how these molecular associations may translate into physical or conformational changes, in particular in situ directly at the cell surface. Physical changes that accompany receptor binding are widely believed to form an important contribution to biological function, but have rarely been measured directly.
Moraxella catarrhalis (Mx) is a human-specific bacterium associated with respiratory diseases and middle-ear infections (otitis media) (1) . Studies of the initial molecular steps by which Mx sense and interact with their environment, leading to infection, focus on surface bacterial adhesin proteins that provide obvious points of mediation for both colonization and infection, and may also assist in the evasion of immune recognition (2) . Mx provide an excellent system in which to study the properties of adhesins in situ because electron micrographs (Fig. 1A) indicate their surfaces are dominated by multiple copies of a single, and large, adhesin: the ubiquitous surface protein A1 (UspA1). UspA1 varies in size between different strains of Mx, with each monomer usually comprising between 850-950 amino acids. These monomers form elongated, trimeric structures extending up to 800 Å from the cell surface, where they form a distinctive and densely packed molecular coating (3) . Sequence homology studies (3, 4) indicate that UspA1 belongs to a family of bacterial adhesins termed either oligomeric coiled-coil adhesins (Oca) or trimeric autotransporter adhesins (TAAs). These adhesins are believed to share a modular structure consisting of a variable β-propeller amino terminal head group, extended coiled-coil stalk region, and a membrane β-barrel anchor domain at the carboxy terminus (reviewed in ref. 5 ). This latter domain forms a membrane pore from which the remaining passenger domains are believed to be translocated across the outer membrane (reviewed in ref. 6 ). Current understanding of TAAs is based on a range of molecular (crystallographic) structures that have been determined for isolated segments of some of these proteins (reviewed in refs. 5 and 6; also see refs. 4, 7, and 8). Because these proteins form large and extended structures, there are no complete structures of a TAA, but electron microscopy studies show these adhesins often form fully extended "lollipop" structures at the cell surface (3, 7) (Fig. 1) . The similar overall modular structure of the TAA proteins suggests a common evolutionary precursor, but it is also clear that considerable diversification has taken place.
Multiple binding partners have been reported for most of these bacterial adhesins. In the case of UspA1, binding to both fibronectin (Fn) and laminin, components of the extracellular matrix, has been reported for constructs that include the head domain along with significant stretches of the stalk (9, 10) . UspA1 has additionally been reported to bind with high affinity to the human carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) receptor (CD66a) on epithelial cells (11) , which normally forms homophilic cell-cell interactions, and for which the binding site on UspA1 resides within the stalk (7) in a region spatially distant from the head domain. A working model emerging from this spatial separation of a range of binding sites is that the head domain may mediate initial, weak encounters with extracellular components leading to the exposure of more specific binding sites elsewhere that promote tighter binding required to trigger infection processes (7) . In the crowded and densely packed layers of UspA1 at the Mx cell surface (Fig. 1) , access to the full range of binding sites would be expected to be restricted, and is likely to require substantial physical distortions of the adhesin layer and its component molecules.
In this study, we aimed to explore the physical properties of the UspA1 layer on the Mx surface, how these change in response to binding of Fn or CEACAM1, and then to correlate these in situ effects with molecular details of the modular adhesin structure and its complexes with these proteins.
Results and Discussion
Mechanical Properties of UspA1 at the Bacterial Surface. Electron micrographs have previously demonstrated that UspA1 forms the dominant component of, and is densely packed at, the Mx cell surface (3, 7) (Fig. 1) where it forms a layer approximately 80-nm thick, which is significant relative to the average size of the bacterium (ca. 800 nm). We therefore assumed that adhesive and mechanical responses to a cantilever when pressed against a single bacterium would reflect the response of UspA1 to this force sensor. These responses were tested in a force microscope with a vertically mounted Si 3 N 4 microcantilever, the lateral molecularforce microscope (LMFM), as described in Materials and Methods. The LMFM measurements are made by observing the dampening in the thermal fluctuations of the vertical cantilever as it makes initial contact with the bacterium surface. As the cantilever comes into contact with the bacterium surface, the stiffness of the combined system increases and this is used to determine the contact point, without applying any significant force to the bacterium. Relative changes in this initial contact point, which should be independent of any compression of the cell, are used to measure the effective thickness of the adhesin layer.
Across a range of individual bacterial cells tested, an adhesion force was experienced on contact with the LMFM cantilever ( Fig. 2 ; also see Movies S1-S4). This force was routinely found to be less than 300 pN. Because the Si 3 N 4 cantilevers are hydrophilic and negatively charged under the buffer conditions (12), the adhesion is likely due to a charge effect at the Mx surface. From changes in the thermal fluctuations of the Si 3 N 4 cantilever upon contact with the Mx surface, it was possible to calculate the apparent stiffness (13) of the adhesin layer, which was found to be less than 10 pN∕nm. Furthermore, we noted that the apparent stiffness is smaller when the cantilever pushes against the adhesin layer than when it is stretched. In selected cases, the rupture of the adhesion between the cantilever and the bacterium was a single event with a force smaller than 100 pN, suggesting that the observed events were because of a single adhesin molecule. These forces correlate with other measurements of cell adhesins (14) and are substantially less than the forces required to deform a cell (15) .
We then proceeded to investigate how these properties of the UspA1 layer might change in response to the presence of known UspA1 binding proteins, specifically CEACAM1 and fibronectin. First, in control experiments, it was observed that addition of buffer or a control protein, a recombinant form of Plasmodium falciparum lactate dehydrogenase, to the experimental chamber did not produce any observable changes in the position of the contact point or in the adhesion force. However, in Mx strain MX2 cells, the addition of a truncated fragment of Fn (FnIII [12] [13] [14] ) that binds the UspA1 head region (see below) resulted in an increase in the distance the bacterium needed to be moved in order to establish contact with the cantilever by 7 AE 5 nm (standard deviation of the mean, SDM), and a complete loss of adhesion force in 90% of contacts. These results indicate that Fn-specific binding to UspA1 can be detected by the LMFM. The simplest explanation for the change in the contact point position, relative prior to the addition of Fn, is a reduction in the overall size (diameter) of the MX2 bacteria when Fn binds. Because the adhesive properties also changed, we deduced that the reduction is likely to correlate with a conformational change in the UspA1 layer, potentially of UspA1 from its extended form to a more compact or "bent" form.
These analyses were then extended through the addition of CEACAM1 which binds UspA1 with high affinity. Within 5 s of the addition of CEACAM1 to MX2 strain cells, in which UspA1 includes a CEACAM1-binding site in the stalk region (7, 11) , an average reduction of 16 AE 5 ðSDMÞ nm in the overall size of the MX2 bacterium was observed. A significant reduction in adhesion force was also noted (70% of contacts did not produce any adhesion). However, when the same amount of CEACAM1 was added to O35E strain Mx, in which UspA1 lacks the CEACAM1-binding site (7) , no change in the size of the bacterium was recorded and the adhesion force was unaffected (see Movie S4). These results act as a further control and again indicate that the LMFM is detecting CEACAM1-specific binding to UspA1.
Finally, we measured the effect of first adding FnIII 12-14 and subsequently CEACAM1 (and vice versa) to the MX2. In each case, an initial size reduction was observed on addition of the first protein (as above), which was then followed by a further contraction of the cell by about 10 nm on addition of CEACAM1 after Fn (but not vice versa), giving a maximal contraction equivalent to that obtained with CEACAM1 alone. These results indicate that the mechanism for the observed contraction in each case is independent, consistent with the Fn-and CEACAM1-binding regions on UspA1 being at distal sites, but that the CEACAM1 distortion is dominant.
Overall, the LMFM data indicate that the physical properties of the UspA1 layer at the Mx cell surface change in response to binding of specific proteins. In particular, these in situ data are consistent with the correlated bending previously noted for an isolated UspA1 stalk fragment on binding CEACAM1 (7) . The data also show that the extracellular protein fibronectin instigates similar changes. Because direct structural data on UspA1 was limited to the CEACAM1 site of the stalk region, we therefore decided to probe the UspA1-fibronectin interaction in more detail by first extending the structural analysis of UspA1 into the reported site of Fn binding, the head region.
Structure of the UspA1 Head Region. Because of the high molecular masses and extreme molecular elongation of both UspA1 and Fn, detailed molecular analysis of their interactions first required the generation of truncated forms of each protein (Fig. S1) . Crystals of a range of UspA1 constructs were obtained, but only two of these, UspA1 ð42-345Þ and UspA1 ð165-366Þ , proved suitable for structure determination. The two structures obtained, each about 110 Å in length with a diameter up to 40 Å (Fig. 1 C-E) , could be readily combined to form a composite structure (Fig. 3C) for UspA1 residues 42-366, which is about 160 Å in length.
The UspA1 head domain (residues 42-275) is globally similar to other structures of TAA head domains (Fig. S2) and comprises a trimeric left-handed parallel β-roll, which is formed from 14 repeating 14-16 residue segments that form a ladder of β-strand coils. This head domain differs from YadA (16) in the variability of its repeats (with 9 × 15, then 3 × 14, then 2 × 16 residues per repeat).
The neck region of UspA1 (residues 276-334) features a complex intertwining arrangement that differs from that observed in YadA but is similar to the neck region of BpaA (Fig. S2) . The large external loops form a concentration of positive charge in this region that may be indicative of ligand-binding functional activity, and to which sulphate ions are observed to be fortuitously bound in one of the crystal structures. The structure then features the beginning of the stalk (residues 334-372), which extends approximately 60 Å (UspA1 ð42-366Þ ) as a canonical left-handed coiled coil. Fig. 1C ) and deformation associated with sequentially binding Fn (colored as in B) and CEACAM-1 (in gray). The remainder of the Fn molecule is symbolized as a rough yellow ellipsoid (not to scale). The distances and uncertainties shown are from the LMFM analysis and represent the decrease in overall UspA1 length resulting from binding of each ligand. The bending angle on binding CEACAM1 required to achieve this change has been calculated from the linear dimensions of the combined crystal structures and is estimated to be approximately 45 AE 15°, which is within the range of movement observed in a prior molecular dynamics simulation (7).
The Fibronectin-UspA1 Complex. Having determined the structure of the UspA1 head region, we then investigated how this region accommodated a binding site for fibronectin. Following on from earlier reports that extracellular Fn bound to the N-terminal portion of UspA1 (9, 10), we initially undertook binding studies with truncated forms of both proteins (Fig. S1) to better define the Fn-UspA1 complex.
The binding studies used immunoblotting (dot blots), ELISA, and surface plasmon resonance and are fully described in SI Text and Figs. S3 and S4. The consensus of these assays was that FnIII 13 plays a key role in binding to the UspA1 region contained in the construct UspA1 ð42-366Þ and provides approximately 90% of the binding energy and FnIII 12 ∼ 10% (at 25°C) based on the dissociation constants summarized in Table S1 .
This central role for FnIII 13 in binding was then validated by heparin competition assays which showed that, with increasing heparin concentration, UspA1 binding to Fn decreased. The heparin-binding site on Fn has previously been characterized in detail and centers on Arg-6, Arg-7, and Arg-23 on FnIII 13 (17, 18) . Heparin did not bind significantly to UspA1 itself, consistent with a previous observation (19) .
The binding data indicated that a moderate affinity (K d ∼ 5 μM) complex is formed between UspA1 ð42-366Þ and the FnIII 12-15 fragment. In the absence of crystals of this complex, low-resolution solution X-ray scattering data were collected (Fig. S5 ) from which a molecular envelope was calculated to which the crystal structures of both components were then fitted (Fig. 3) . The distinctive shape of the UspA1 head domain is evident in the outline of the complex. The observed data were poorly fitted by alternative models such as dimers of either component (Fig. S5) . Due to the similarity of the FnIII domains, there is potential ambiguity in the polarity of the orientation of the FnIII 12-15 fragment, but the orientation shown in the figure is preferred because it maximizes contacts between FnIII 13 and UspA1 in accordance with the binding data. UspA1 contacts are predominantly at the base of the β-roll head domain, the site where the extended turn 1 loops of the β-rolls and the loops from the neck region are found.
A notable feature of this low-resolution model of the complex is the distinctive angular (approximately 40°) association between the long axes of each component. Because in the intact Fn protein there is considerable protein mass on both sides of the FnIII 13 domain, it is difficult to envisage that this angular contact with UspA1 could be generated without distorting a close array of extended adhesin structures.
An Overall Model for UspA1 Structure, Binding, and Function. On the bacterial surface, each monomer of UspA1 comprises 821 amino acids for which crystal structures are now available for segments 42-366 (this study) and 527-665 (7). Importantly, these two segments cover two of the main binding sites on UspA1. Although the crystal structures represent only about 60% of the overall structure, the remaining parts of the structure were readily amenable to homology modeling: There is strong coiled-coil propensity for most of the remaining sequence (11) and the transmembrane region is very highly conserved and expected to retain a similar structure to the Hia adhesin (20) . An overall composite model for UspA1 was therefore constructed (Fig. 3C ).
This overall model for UspA1 bears structural similarity to that previously proposed for YadA (21) although it varies in detail, dimension, and, importantly, can be combined with functional data that indicate responsiveness to ligand binding. From the model, in its fully extended conformation, UspA1 extends 760 Å in length from the membrane, which correlates with earlier electron microscopy estimates (3). These same electron microscopy studies and others (7) indicate that unliganded UspA1 is often both fully extended and densely packed at the bacterial surface such that the stalk and head regions of adjacent UspA1 molecules lie in parallel and in close proximity. This arrangement appears to (partially) preclude access to the Fn-binding site at the base of the head domain, and more fully to the CEACAM1-binding site that is some 400-Å distant from the tip of the molecule. This close packing may provide some physical degree of protection of these conserved regions from immune recognition (2, 7) .
Mx targeting epithelial cells would encounter increasingly higher local concentrations of fibronectin as epithelia are approached, because Fn is a major component of extracellular matrix and also adheres to the apical surface of epithelia (22, 23) . Because the Fn-binding site is at the base of the head domain, access for a large molecule such as Fn (a 440-kDa dimer) is only possible if the close parallel UspA1 packing is disrupted. Bending of the UspA1 head (Fig. 3C) , perhaps initiated by physical contact, makes this site accessible to extracellular proteins. The angular association observed between UspA1 and Fn may reflect the degree of bending required to fully expose the binding site at the surface. The small decrease in overall Mx diameter on addition of Fn measured in this study is consistent with distortion of the UspA1 layer, most easily achieved through bending of the extended UspA1 structure. The binding assays show these initial interactions are of moderate affinity (ca. 5 μM) reflecting the extensive opportunities for multivalent interactions provided by the high numbers of UspA1 exposed at the bacterial cell surface.
This disruption also correlates with previous experimental data suggesting that binding of the high-affinity human CEACAM1 receptor, which takes place in the lower half of the stalk region and closer to the membrane, is associated with distinctive bending of the UspA1 stalk (7) . In this previous study, the isolated CEACAM1∶UspA1 stalk complex was found to exhibit pronounced curvature in solution, with molecular dynamics simulations suggesting complex formation destabilizes the extended rod-like conformation of the stalk region. It is unclear if this distortion precedes, accompanies, or results from CEACAM1 binding, although a concerted action seems most likely. The experiments performed with the LMFM in the current study provide indirect evidence that such bending also occurs on the Mx cell surface. These studies show a correlation between the addition of CEACAM1 and a diminution of adhesion and reduction in overall Mx diameter, which implies that the extended UspA1 structure (which determines the thickness of the adhesin layer) is physically distorted by CEACAM1 binding. The measured reduction of 16 AE 5 ðSDMÞ nm in overall diameter (Fig. 2) is similar to the expected change generated (Fig. 3C ) by bending of UspA1 by the amounts previously proposed (7) by modeling studies. The broad correlation between these measurements supports the simplest explanation that the extended-and hence compressiblelayer of UspA1 molecules becomes more compact on CEACAM1 binding, as would be expected if the stalks were bent. These changes were not observed on the addition of a control protein, implying they are generated by specific interactions of UspA1 with both Fn and CEACAM1.
Contact deformation of the UspA1 structure is perhaps unsurprising in view of its extreme elongation. It is more surprising that bending can be triggered, or at least enhanced, through binding of specific proteins. This direct correlation implies that the induced distortion may arise in or close to the binding regions of UspA1 (Fig. 3C) . Previous studies of the UspA1:CEACAM1 interaction have suggested that adherence of CEACAM1 may interrupt the symmetry of the extended coiled-coil stalk leading to destabilization of the extended structure (7). The separate and lower degree of bending observed with Fn binding may simply reflect torsional distortion resulting from the angular association of these molecular components. It is interesting to speculate on the biological significance of these conformational changes. A clear consequence of UspA1 distortion is compaction of the protein layer at the bacterial surface, allowing closer approach of the bacterial and host cell membranes, a requirement for effective infection to proceed. Further, as noted above, this primitive physical deformation switch provides a simple way of locating both the Fn-and, particularly, CEACAM1-binding sites away from the most distal and hence accessible regions of UspA1, which may provide some degree of evasion from immune recognition. Although the data indicate the distortion resulting from Fn and CEACAM1 binding are independent events, a sequential model in which Fn binding initiates bending to facilitate CEACAM1 binding is attractive.
Finally, because binding to cell surface proteins is intimately associated with effective bacterial infection, a direct role for these mechanoselective deformations in the infection process is inferred. Further in situ studies of these dynamic properties of adhesins and related molecules will require the development of different technical approaches.
Materials and Methods
Protein Production, Purification, and Structure Determination. A series of truncated forms of Mx UspA1 from strain MX2 ATCC 25238 and recombinant human fibronectin constructs (Fig. S1) were expressed in Escherichia coli and purified as described in SI Text. Crystals of UspA1 ð42-366Þ and UspA1 ð42-345Þ were obtained as described in SI Text. Diffraction data were collected at the Diamond Light Source (beamlines IO2 and IO4), and structures were solved using a combination of molecular replacement and experimental phasing from bromide soaks as described in SI Text. Data collection and final refinement statistics for both structures are summarized in Table S2 . Homology models were constructed for the regions of UspA1 not covered by the available crystal structures, as described in SI Text.
Binding Studies. The interactions of UspA1 and Fn fragments were studied by standard methods using plasmon resonance, dot Immunoblot, and enzymelinked immunosorbent assays as described in SI Text.
Small-Angle X-Ray Scattering (SAXS) Analysis. SAXS data of the FnIII 12-15 ∕ UspA1 ð42-366Þ complex were collected at the Diamond Light Source (beamline I22) and analyzed as described in SI Text.
Lateral Molecular-Force Microscope. The mechanical properties of UspA1 at the outer Mx surface were tested using a newly developed LMFM, described in ref. 13 . The spring constant of the cantilevers used in this study was 2.4 pN∕nm AE 15% and the cross-section was 1 μm AE 10%. To determine UspA1 stiffness, softer cantilevers were used with the same cross-section but of double length, resulting in a stiffness of 2.7 pN∕nm AE 15%.
Single bacteria were detected optically using total internal reflection illumination. A sinusoidal sideways movement was imparted to the sample stage in order to gently push a single bacterium against the cantilever. The position of the bacterium was adjusted to produce a maximum deflection of the cantilever of between 50 and 300 nm. The position of the stage when contact was established between the bacterium and the cantilever was monitored on the addition of control protein/buffer, CEACAM1, and FnIII [12] [13] [14] . Changes in these positions can be directly correlated to changes in the size of the bacterium.
Coordinate Deposition. Coordinates and structure factors of the UspA1 ð165-366Þ and UspA1
ð42-345Þ crystal structures have been deposited with the Research Collaboratory for Structural Bioinformatics Protein Data Bank (ID codes 3NTN and 3PR7), and coordinates of the models for the fibronectin-UspA1 complex and of the entire UspA1 structure are available from the authors.
